Er-doped sodium-niobium phosphate glasses have been produced by the melting technique. Their optical properties have been fully characterized and show a broad fluorescence band around 1.5 µm. The fluorescence lifetime of the 4 I 13/2 metastable state is long enough to make these glasses suitable to be used in optical amplification devices. Waveguides have been produced by diluted Ag + /Na + ion exchange and their properties are described here.
INTRODUCTION
As optical networks are spreading towards the final customer and the need of compact, low-cost and rugged systems capable of regenerating the optical signal becomes evident, optical amplification integrated devices are gaining increasing interest. Fiber optical amplifiers (EDFAs), which have opened the way to very long optical communication trunks, do not generally meet the requirements of local area networks and are still best suited for high-end applications.
On the other hand, the material requirements for the production of planar optical amplification devices are more demanding, since the need to obtain the same amplification in a much smaller propagation path along the device respect to EDFAs imposes higher rare-earth doping concentrations. As it is well known, this in turn can cause a reduction in the 4 I 13/2 → 4 I 15/2 transition lifetime due to ion-ion interactions and co-operative up-conversion processes. Hence, in recent years much work has been devoted to the development both of the materials and integrated optical devices suitable for this task, amplification capabilities and bandwidth being the most important parameters research has been concentrating on. 1, 2, 3 In this paper we report about a new family of sodium-niobium phosphate glasses which show good optical characteristics. Good quality optical waveguides by ion-exchange technique, which we believe is a good technological candidate thanks to its low cost and reproducibility for the production of such devices, have already been demonstrated in this type of glass. 4 The presence of niobium in the matrix may also confer moderate electro-optical and electro-chromic properties to these glasses, and applications where both the amplification and the former properties are simultaneously exploited can be foreseen.
GLASS PREPARATION
The glasses were produced by melting a small quantity (each charge was 50 g) of the base components at 1250 °C for 2 hours in an Al 2 O 3 crucible in air atmosphere. In order to obtain better homogeneity, the material was also re-melted several times. Air atmosphere was chosen so as to maintain an oxidizing environment when processing the glass batch and therefore to prevent the appearance of reduced forms of niobium. The resulting glass was then quenched to avoid crystallization and thereafter annealed at the glass transition temperature T g ≅ 500 °C for 10 hours. Glass disks 8 cm in diameter and 7 mm thickness were eventually obtained.
Several samples with slightly different compositions have been produced, and they are being fully characterized. Here we present some preliminary results referring to three glasses only; their composition is shown in Table I . One of the major differences between these samples is constituted by the sodium content, which is about 8% higher in the R964 sample than in the R1 and R2 samples. The aim of this variation is twofold: on one side we wanted to check for the optimal sodium content needed for the ion-exchange process, on the other side we also wanted to investigate any differences that dissimilar sodium content might induce in the spectroscopic properties of the glass. At the same time, the phosphorus content in the R964 glass was much reduced with respect to R1 and R2 glasses, and barium added. The difference between R1 and R2 glasses, instead, is only constituted by a very small amount of Al 2 O 3 and F present in the R1 sample.
The chemical stability of these glasses was measured with the "loss of weight" standard technique: polished samples were immersed in a NaNO 3 melt at 350 °C and the loss of weight for unit surface was measured after 1 and 2 hours exposition. Loss of weight was 0.2 mg/cm 2 maximum after 2 hours, lower than values found elsewhere for phosphate glasses. 
SPECTROSCOPIC CHARACTERIZATION
Absorption spectra of all glasses have been measured at room temperature between 400 and 1600 nm by means of a Perkin Elmer λ19 spectrophotometer with 1 nm resolution; in Figure 1 the absorption spectra of the three glasses are shown.
Using these measurements, the experimental oscillator strengths were fitted on the basis of the Judd-Ofelt parameterization scheme, and the values of the phenomenological intensity parameters Ω i were calculated. 6, 7 On this basis, the theoretical radiative decay time of the excited levels of the Er 3+ ion have been computed; in the following the theoretical and experimental lifetime of the 4 I 13/2 level will be discussed.
In Table II the experimental and theoretical oscillator strengths for glass R2 are compared; the data show a good agreement.
In Table III the Judd-Ofelt parameters for the investigated glasses are shown. The lower value of the Ω 2 parameter for the R2 sample respect to the R1 glass has to be ascribed to the presence of Al and F in the composition of the latter, although in other cases it has been observed that the Judd-Ofelt parameters for Er 3+ decrease in fluoro-phosphate glasses when the fluoride content is increased. 8 This effect is also noticeable in the absorption spectra, where the absorption coefficient around 1.53 µm, and even more at 520 nm, is higher in glass R1 than in glass R2. In Table IV we report the calculated spontaneous emission probabilities, the radiative branching ratios and radiative lifetimes of Er 3+ ions in the R1 and R2 glasses. The fluorescence spectrum of the glasses has then been measured: the 514 and 980 nm radiation produced by an argon laser and a titanium-sapphire laser, respectively, has been directed onto the glass samples. The fluorescence radiation has then been focused by means of a lens on the input entrance of a Jobin-Yvon SPEX 270 spectrometer. An InGaAs photodiode at room temperature has been used as detector. As an example, the spectrum collected from the R2 glass is shown in Figure 2 , while In order to evaluate the potential efficiency of the amplification process we then proceeded to measure the lifetime of the 4 I 13/2 level of the Er 3+ ion. The 980 nm pump radiation has been in this case chopped at 15 Hz with 1:7 duty cycle, a condition that allowed the Er ions to fully relax after each excitation pulse; care was taken in order not to work in the Table IV-Calculated spontaneous emission probabilities A, radiative branching ratios β ij and radiative lifetimes τ rad of Er 3+ in the R1 and R2 glasses. saturation regime of the excited 4 I 13/2 level. The fluorescence radiation was also in this case fed into the spectrometer in order to fully filter out the pump radiation. Data were collected and averaged by means of a digital oscilloscope and subsequently fit to an exponential function; the data always fit a single exponential functional.
The resulting fluorescence lifetimes compared to the theoretical values computed in the framework of the Judd-Ofelt parameterization are reported in Table VI ; all the samples do not exhibit a very high quantum efficiency, but the R964 glass appears to be the best of the three, approaching 50% quantum efficiency. The longer lifetime of the 4 I 13/2 level in the R964 glass might be explained by its lower erbium content, which reduces the probability of quenching effects due to ion-ion energy transfer and cooperative phenomena.
WAVEGUIDE REALIZATION AND CHARACTERIZATION
Planar optical waveguides were produced in the investigated glasses by ion-exchange technique in order to assess the optimal process parameters and evaluate their propagation losses. Samples were immersed in a 99.5 NaNO 3 / 0.5 AgNO 3 mol% salt melt at 325 °C for different process times.
Substrate index and modal effective indices were measured by a semi-automatic prism-coupling measuring instrument, under development in our laboratory. Refractive indexes of the glasses measured at 633 nm are reported in Table VII . Figure 3 shows the reconstruction by WKB technique of the refractive index profile at the wavelength of 635 nm of an R964 sample after 3 hours ion-exchange. As refractive index profile an erfc function was chosen, because it also best fits the experimental data for similar waveguide with many more modes.
Propagation losses have thereafter been measured by collecting with a vidicon the radiation scattered out of plane along the propagation path. Unfortunately, losses values are above 2 dB/cm at 633 nm; the main causes of high loss may probably be ascribed to the existence of micro-inhomogeneities in the glass and to some surface etching which may occur during ion-exchange (and which could again be related to composition non-uniformities). 
Glass

Refractive index R1
1.737±0.001
Tab. VII -Measured refractive index of the investigated glasses.
CONCLUSIONS
Several glass samples have been fabricated by conventional melting technique, all based on P 2 O 5 -Ga 2 O 3 glass formers and Na 2 O -Nb 2 O 5 -Er 2 O 3 modifiers. This base composition may lead to glasses with advanced chemical and optical characteristics, with potential of combining strong fluorescence with electro-optical and electro-chromic properties. All the glasses were designed to have high content of sodium (always higher than 20 weight %), with the aim of adopting ion-exchange as primary fabrication process of optical waveguides.
The search of an advanced optical material for multifunctional integrated optical components led us to change the composition from melt to melt, by modifying relative contents of the above mentioned oxides and/or introducing additional oxides.
Here preliminary results of spectroscopic and modal characterization of three of these glasses are reported, which confirm their suitability for integrated optics, and for optical amplification, in particular. The overall quality of the glasses and waveguides, however, is still far from the expected level, and has to be improved. The major limiting factor is currently related to the poor homogeneity, which in turn is inherent to the small quantities of oxides powder that is used in each melting batch.
The full characterization of all the produced samples is in progress, and an overall assessment of this class of glasses will be reported soon.
